Nanoporous graphitized carbons were successfully prepared by using mono-dispersed SiO 2 colloidal crystal as a template and mesophase pitch as a carbon source with final heat treatment temperatures (HTT) of 1000-2500 °C. Rate capability of lithium intercalation/deintercalation of the nano-porous graphitized carbons was investigated. 35-60% of capacities were retained when the current density was increased from 37.2 mA g −1 to 372 mA g −1 .
Introduction
Development of energy storage devices with both large capacity and high power are accelerated to satisfy the growing demands from their application not only to multi-function portable electronic devices but also to electric vehicles. Lithium ion batteries (LIBs) are one of the most promising candidates of such power sources. Although energy density of LIBs is the largest among present rechargeable devices, their power density is not enough. Their relatively low power density is explained by the following polarizations on the electrode reactions: (1) charge transfer reaction, (2) lithium ion diffusion in solid active materials, (3) electron conduction and (4) electrolyte transport. We have so far proposed and demonstrated that rate capability of lithium ion batteries (LIB) is highly improved by using nano-porous materials (e.g., TiO 2 ,[1,2] V 2 O 5 ,[3] LiFePO 4 ). These materials may be applicable to cathodes of LIB. As a next step of the study, we focused on anode materials. It is well known that graphitic carbons are used as anodes on the basis of the following reversible reaction: x Li + + x e − + 6C ↔ Li x C 6 (0 ≤ x ≤ 1). For x = 1, graphitic carbons exhibit a maximum capacity of 372 mA h g −1 . Lithium intercalation into graphite is affected not only by factors listed above, but also by solid electrolyte interface (SEI) layers that are formed on the graphite surface by decomposition of electrolytes. Nano-porous graphitized carbons with large surface area are expected to exhibit small polarization on lithium intercalation. In recent studies, we have fabricated nano-porous carbons and evaluated them as electrodes for electric double layer capacitors. The nano-porous carbons prepared from phenolic resin exhibited superb performance due to their large specific surface area and controlled pores. [4, 5] We have also succeeded in preparation of nano-porous graphitized carbons and evaluated their Liintercalation properties, which were characterized by three features: (1) large capacity, (2) large capacity hysteresis, and (3) decreasing capacity with increasing HTT. The first and second features are explained by micropores and the third one is supposed to result from graphene layer orientation on pore surfaces. In this study, we focused on the rate capability of lithium intercalation into the nano-porous graphitized carbons.
Experimental
Nano-porous graphitize carbons were synthesized by a colloidal-crystal templating method. (EC) and dimethyl carbonate (DMC) (1:1 by volume) was used as an electrolyte. The working electrodes were immersed in the electrolyte in vacuo beforehand. In this paper, the terms "charge" and "discharge" are defined as the cathodic (i.e., Li intercalation to graphene layers) and anodic (Li de-intercalation) processes, respectively. The cell was assembled in an Arfilled glove box in which H 2 O concentration was kept below 1 ppm.
Results and Discussion

STRUCTURAL CHARACTERIZATION
Thermal gravimetry confirmed that the residual SiO 2 was less than 2-3 % for C[80]-1000.
XRD patterns (see Fig. 1 (Fig. 2(e,f) ). N 2 adsorption/desorption isotherms exhibited steep increasing of N 2 uptake around the relative pressure of 0.9-1.0, which means the N 2 condensation in relatively large pores. From the adsorption branches, specific surface areas were obtained. In this study, total surface area 5 (S total ) and meso/macropore surface area (S meso ) were obtained from α SPE -plot and t-plot, respectively. Micorpore surface area (S micro ) was given by subtracting S meso from S total . The specific surface areas are summarized in 
LITHIUM INTERCALATION
Galvanostatic potential curves of nano-porous graphitized carbons were recorded with different current densities (37.2, 186 and 372 mA g −1 ). The nano-porous graphitized carbons were subjected to lithium intercalation and de-intercalation for three cycles at each current density. The galvanostatic curves of the 3rd cycle at each current density are shown in Fig. 2 .
Discharge capacities at 372 mA g −1 was as much as 49%, 58% and 36% of those at 372 mA to analyze the causes of the polarization, electrochemical impedance spectra (Fig. 3) were recorded at the 1st discharge process and after the galvanostatic charge tests, i.e., at the 10th cycles. In the impedance spectra of the initial electrode (3.0 V, solid circle), a semicircle and a vertical line were observed, which is the typical plot of electric double layer capacitors.
After the 1st lithium intercalation (0.01 V, solid triangle), the plot exhibited a semi-circle and a sloped line, indicating the finite length diffusion process. From the width of the sloped line, the Warburg impedance was almost comparable with the charge transfer resistance (the diameter of the semicircle), which means that Li-ion diffusion in carbon is relatively fast due to the short diffusion length. For the electrode that experienced 9-cycle intercalation/deintercalation process, a large semicircle with a long sloped line was observed at 3.0 V. It is obvious that the diameter of the semicircle increased with increasing the cycle number, e.g., 5
Ω to 12 Ω for the Nyquist plots at 0.01 V. This is explained by the SEI layers formed on carbon surfaces with a time constant overlapped with that of the charge transfer process. It should be also mentioned that the intercept of the semicircles at high frequency shifted toward right. This is explained by the increasing electrolyte resistance, resulting from increase in thickness and/or density of the SEI layers. For EC containing electrolyte, it is reported that the SEI layers are porous and thick (~40 nm), and increases in thickness with repeating lithium intercalation/de-intercalation cycles. [8] After several cycles, SEI layers are supposed to be dominant in pores and to hinder smooth electrolyte transport in pores.
Conclusions
In this paper, we investigated the rate capability of the nano-porous graphitized carbons.
The discharge capacity of the nano-porous graphitized carbons decreased with increasing current densities. The capacities at 372 mA g −1 were 35-60% of those at 37.2 mA g −1 .
Electrochemical impedance spectra indicated that lithium ion diffusion in carbon is relatively fast due to the short diffusion length for the nano-porous graphitized carbons. The relatively poor rate capability was caused by the formation of SEI layers on pore surfaces. It was found that the SEI layers increases the polarization in two ways: resistance of SEI layers and hindering electrolyte transport. It is important to control SEI layers with adequate additives [9] or to design the porous structure that is large enough in size to facilitate electrolyte transport through SEI layers. 
